Nuclear mutants of Saccharomyces cerevisiae assigned to complementation group G34 are respiratorydeficient and lack cytochrome oxidase activity and the characteristic spectral peaks of cytochromes a and a 3 . The corresponding gene was cloned by complementation, sequenced, and identified as reading frame YGR062C on chromosome VII. This gene was named COX18. The COX18 gene product is a polypeptide of 316 amino acids with a putative amino-terminal mitochondrial targeting sequence and predicted transmembrane domains. Respiratory chain carriers other than cytochromes a and a 3 and the ATPase complex are present at near wild-type levels in cox18 mutants, indicating that the mutations specifically affect cytochrome oxidase. The synthesis of Cox1p and Cox3p in mutant mitochondria is normal whereas Cox2p is barely detected among labeled mitochondrial polypeptides. Transcription of COX2 does not require COX18 function, and a chimeric COX3-COX2 mRNA did not suppress the respiratory defect in the null mutant, indicating that the mutation does not impair transcription or translation of the mRNA. Western analysis of cytochrome oxidase subunits shows that inactivation of the COX18 gene greatly reduces the steady state amounts of subunit 2 and results in variable decreases in other subunits of cytochrome oxidase. A gene fusion expressing a biotinylated form of Cox18p complements cox18 mutants. Biotinylated Cox18p is a mitochondrial integral membrane protein. These results indicate Cox18p to be a new member of a group of mitochondrial proteins that function at a late stage of the cytochrome oxidase assembly pathway.
Cytochrome oxidase, the terminal enzyme complex of the respiratory chain, is a hetero-oligomeric lipoprotein complex of the mitochondrial inner membrane (1, 2) . In the yeast Saccharomyces cerevisiae the three major subunits of cytochrome oxidase are encoded in mitochondrial DNA. They form the catalytic core of the enzyme, bearing the copper and heme A prosthetic groups. The other subunits are products of nuclear genes that are synthesized in the cytoplasm and imported into mitochondria. Active preparations of the purified enzyme contain 11 polypeptides (3). Importantly, many nuclear genes, other than those coding for the structural subunits, are also essential for cytochrome oxidase synthesis (4) . Some of these genes have been implicated in processing of the mitochondrial cytochrome oxidase transcripts (5) , in translation of mature mRNAs (6) , in heme A synthesis (7) , and in maturation of subunit 2 (8) . Another group of genes affects assembly of the enzyme, but the precise functions of these genes in this process still need to be clarified (9, 10) .
In the present study, we have characterized pet mutants 1 previously assigned to complementation group G34 (4). The mutants have been ascertained to have mutations in a nuclear gene that has been named COX18. This gene corresponds to reading frame YGR062C on chromosome VII. COX18 codes for a mitochondrial membrane protein of 316 amino acid residues that is essential for the assembly of functional cytochrome oxidase. Mutations in COX18 result in a marked decrease of subunit 2 of the enzyme. This phenotype is not due to a block in transcription/translation of the mRNA or to a defect in export/ processing of the subunit 2 precursor. Rather, Cox18p appears to be a new member of the class of mitochondrial proteins that chaperone late events in assembly of the complex.
MATERIALS AND METHODS
Yeast Strains and Media-The strains of S. cerevisiae used in this study are listed in Table I . Strain NSG1 (MAT␣, cox18::URA3, ade2-101, ura3-52, pet111-11, [
Ϫ pJM30]) was constructed by transforming strain JJM190 (12) to Ura ϩ with linearized pG34/ST12 containing the disrupted copy of COX18 (cox18::URA3). The presence of pJM30 as a Ϫ mtDNA was confirmed by the ability of NSG1 to produce respiring diploids when mated with a pet111, ϩ strain. W303⌬PET309 was constructed by transforming the wild-type haploid strain W303-1B with a linear fragment of DNA containing the pet309::HIS3 allele in which 1.14 kb of the coding region defined by the two BamHI sites in the gene were replaced with a 1-kb BamHI fragment with the yeast HIS3 gene. 2 The media used for the growth of yeast have been described previously (11) .
Preparation of Yeast Mitochondria-Wild-type and mutant yeast were grown to stationary phase in YPGal medium (2% galactose, 1% yeast extract, and 2% peptone), and mitochondria were prepared by the procedure of Faye et al. (13) , except that Glusulase was replaced by zymolyase 20,000 (ICN Biomedicals, Inc.). Mitochondrial translation products were labeled with 35 S in the presence of cycloheximide (14) , and total cell proteins were analyzed by SDS-polyacrylamide gel electrophoresis. Cytochrome spectra of mitochondrial extracts were ob-* This research was partially supported by grants from the Conselho Nacional de Desenvolvimento Científico e Tecnológico and Fundação de Amparo à Pesquisa do Estado de Sã o Paulo (to F. G. N.), by National Institutes of Health Training Grant GM07617 and Research Grant GM29362 (to T. D. F.), and by National Institutes of Health Research Grant GM50187 (to A. T.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. tained at room temperature. Cytochrome oxidase activity was measured as described previously (15) .
Cloning of the COX18 Gene-COX18 was cloned by complementation of the G34 mutant E2-27/L1 with a yeast genomic library using the transformation method of Schiestl and Gietz (16) . This mutant and others from the same complementation group were derived from strain D273-10B/A1 by mutagenesis (4) . The a mating type derivatives with appropriate auxotrophic markers were obtained after sporulation of diploid cells formed by crosses of mutants to CB11 (11) and W303-1B. The library used for the transformation was constructed from partial Sau3A1 fragments of nuclear DNA (averaging 7-10 kb) cloned into the BamHI site of the shuttle vector YEp13 (17) . This library was kindly provided by Dr. Kim Nasmyth.
Construction of the COX18-BIO Fusion Gene-To create a gene expressing Cox18p with a biotinylation site at its carboxyl terminus (18) , the BamHI site located at the end of the bacterial transcarboxylase gene in pBIO-1 (YEp352 with a 0.28-kb BamHI fragment coding for the biotinylation peptide of transcarboxylase) was destroyed by partial digestion and ligation. The proper construct bearing a single BamHI site was selected, and the vector was digested with BamHI and PstI. To amplify the COX18 gene we used a 25-nucleotide-long primer (position Ϫ254) introducing a PstI site (5Ј-GCAGTCAACTGCAGTAAAACCT-TCC-3Ј) and a 24-nucleotide-long primer (position ϩ960) including a BamHI site (5Ј-CAGCTTGGATCCTCGTTGGTAAGG-3Ј). Ligation of the polymerase chain reaction-amplified gene to the linear plasmid resulted in removal of the termination codon of COX18 and an in-frame fusion of its 3Ј end to the bacterial sequence. This construct (pBIO-1/ COX18) was used to isolate the COX18-BIO gene fusion as a 1.2-kb SphI-SmaI fragment, which was ligated to the multicopy shuttle vector YEp351 and the integrative vector YIp351 (19) . To integrate COX18-BIO into chromosomal DNA, the respiratory-competent strain W303-1B and the null mutant W303⌬COX18 were transformed with the above plasmid linearized at the AflI site internal to the LEU2 gene in YIp351.
Mitochondria were prepared from transformants expressing the fusion gene either on a multicopy plasmid (W303⌬DCOX18-BIO/ST7) or integrated in a single copy in chromosomal DNA (W303⌬DCOX18-BIO/ Int). The mitochondria were extracted in the presence of 0.1 M sodium carbonate (20) to solubilize peripheral membrane proteins or with 1% deoxycholate and 0.5 M NaCl (21) to solubilize most integral membrane proteins.
RNA Isolation and Hybridization Analysis-Total RNA was isolated from log phase cells grown in YPD medium (2% glucose, 1% yeast extract, and 2% peptone) as described (22) . 4.5 g of total RNA were denatured in a buffer containing 10 mM sodium phosphate (pH 7.0) and 16% formaldehyde, electrophoresed on 1% agarose gels containing the same buffer, and blotted to nitrocellulose. The filter was hybridized with a radioactively labeled probe generated by random priming of the 465-base pair RsaI fragment of COX2. For normalization, the filters were rehybridized with a radiolabeled probe specific for the 15 S rRNA of mitochondria (23) . COX2 and 15 S rRNA levels were quantitated using a Betascope 603 analyzer (Betagen Corp.).
Miscellaneous Procedures-Standard methods were used for the preparation and ligation of DNA fragments and for transformation and recovery of plasmid DNA from Escherichia coli (24) . The preparation of yeast nuclear DNA and the conditions for Southern hybridizations were as described by Myers et al. (25) except that probes were labeled by random priming (26) . DNA was sequenced by the method of Maxam and Gilbert (27) , and remaining gaps were closed by using the Sanger manual chain termination procedure (28) . Proteins were separated by 12% SDS-polyacrylamide gel electrophoresis in the buffer system of Laemmli (29) . Immunodetection of proteins on Western blot was carried out with 125 I-protein A (30) . Protein concentrations were determined by the method of Lowry et al. (31) .
RESULTS AND DISCUSSION
Phenotype of cox18 Mutants-Complementation group G34 of the pet mutant collection used to screen for cytochrome 
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oxidase mutants consists of 13 independent isolates (4). The mutants are unable to grow on non-fermentable carbon sources such as glycerol and ethanol. The mutants are complemented by o mutants, indicating that the respiratory defect is caused by recessive mutations in a nuclear gene. Mitochondria of cox18 mutants lack cytochromes a and a 3 but have the absorption bands corresponding to cytochromes b, c, and c 1 (Fig. 1A) . This type of spectrum is characteristic of mutants specifically defective in cytochrome oxidase. Enzymatic assays of the respiratory chain complex showed the mutant mitochondria to be deficient in cytochrome oxidase but not in NADH-cytochrome c reductase or ATPase (data not shown).
Western blot analysis of cytochrome oxidase constituents with a polyclonal antibody against the holoenzyme and antibodies against individual subunits indicated that the cox18 mutant has severely reduced concentrations of subunit 2 but retains significant levels of the nuclear encoded subunits (subunits 4 -9) (Fig. 1B) . The antibody used for the immunoblot does not detect subunits 1 and 3 (Fig. 1B, lanes 2 and 4) . In vivo labeling of the mitochondrially encoded subunits in the presence of cycloheximide to block cytoplasmic protein synthesis indicated markedly lowered incorporation of the radioactive precursor into subunit 2. A faint band corresponding to subunit 2, however, was detected at the position of the mature protein, indicating correct processing and membrane insertion of this constituent. Labeling of subunits 1 and 3 in the mutant under these conditions was similar to the wild-type strain (Fig. 1C) . Because the COX18 function seemed to be required primarily for the synthesis or stability of subunit 2, the concentration of the mitochondrial COX2 mRNA was compared in the wild type and the mutant. The steady-state level of COX18 mRNA in the cox18 mutant normalized to mitochondrial 15 S rRNA was approximately 93% that of the wild-type strain (Fig. 2 ).
An alternative explanation for the large reduction of subunit 2 in cox18 mutants despite normal levels of the COX2 mRNA is that Cox18p might function as a translational activator similar to PET111 (32) . To test whether cox18 mutations block the same step in COX2 gene expression as the pet111 mutations, we asked whether a pJM30 Ϫ genome (12) coding for a chimeric COX3-COX2 mRNA could suppress the cox18::URA3 allele when present heteroplasmically with wild-type ϩ mtDNA. This chimeric mRNA with the COX3 5Ј-untranslated leader fused to the COX2 structural gene is translated in the absence of the translational activator protein coded by PET111, allowing expression of subunit 2 (32) . The cox18 deletion strain NSG1 carrying the pJM30 Ϫ mtDNA was constructed (see "Materials and Methods") and mated to the cox18::URA3, ϩ strains W303⌬DCOX18 and C34/LU1 to generate homozygous cox18 mutants heteroplasmic for ϩ and pJM30 mtDNAs. In both cases, the diploid cells failed to grow on non-fermentable medium, demonstrating that the cox18 defect could not be bypassed by replacement of the normal COX2 mRNA 5Ј-untranslated leader. Thus COX18 appears to function downstream of translation in the expression, assembly, or stability of COX2.
Subunit 2 of yeast cytochrome oxidase is synthesized on mitochondrial ribosomes as a precursor with a hydrophobic amino-terminal extension of 15 residues. Insertion of the precursor into the inner membrane with concomitant export of the amino terminus to the intermembrane space has been shown to depend on an inner membrane protein encoded by OXA1 (33) (34) (35) . Following its export, the precursor is cleaved to its mature size by the Imp1p/Imp2p protease located in the intermembrane space (8) . Mutations preventing either the export or processing step lead to an increased turnover of the subunit 2 precursor. The low level of subunit 2 detected in cells pulselabeled in the presence of cycloheximide had a size identical to the mature protein (Fig. 1C) , indicating that neither export nor processing of the precursor is likely to be compromised in the cox18 strain. The observed reduction in subunit 2 must therefore be due either to a lowered efficiency of translation of the mRNA independent of the 5Ј-untranslated leader or to an extreme instability of the protein after its export and processing.
Cloning and Sequencing of the COX18 Gene-The wild-type COX18 gene was cloned by transformation of the G34 mutant E2-27/L1 with a yeast genomic library constructed in the shuttle plasmid YEp13 (17) . A Leu ϩ respiratory-competent clone obtained from the transformation was used to isolate a plasmid (pG34/T1) with a nuclear DNA insert of 6 kb. The nuclear DNA insert in pG34/T1 was mapped by restriction analysis, and a number of subclones (Fig. 3) were constructed by ligation of restriction endonuclease fragments to YEp351 (19) . The ability of the subclone pG34/ST1 to complement the mutant localized the gene to a region that includes two reading frames, one coding for a 316-amino acid product and the other encompassing most of the coding region of ADE6 (36) . ADE6 was excluded as the active gene by the fact that introduction of a frameshift mutation at a unique BglII site in the gene did not affect conferral of respiration by pG34/ST1. Complementation of the G34 mutant pG34/ST7 containing only reading frame YGR062C located between coordinates 616,322 and 617,272 on chromosome VII confirmed this to be the correct gene. This gene was named COX18 in keeping with our previous nomenclature to designate genes required for expression of yeast cytochrome oxidase (4, 11) .
In Situ Disruption of COX18 -Two constructs were made to inactivate COX18 in situ (37) . In one case the 400-bp NcoI fragment internal to COX18 was deleted and replaced with the yeast URA3 gene. The disrupted allele was isolated on a linear fragment and used to transform the respiratory-competent haploid strain W303-1B and the diploid strain W303d. Four respiratory-deficient and uracil-prototrophic clones (one haploid and three diploid) obtained from the transformation were verified by genomic Southern analysis to have acquired the disrupted cox18::URA3 allele (Fig. 4) . A second disruption, created by insertion of the URA3 gene at the HindIII site, also exhibited a respiratory-deficient phenotype. The loss of respiration in the mutant harboring the disruption at the HindIII site is at variance with the observation that pG34/ST1 lacking the sequence upstream of this site is able to complement the mutant. Because the pG34/ST1 is a multicopy plasmid, it is possible that a partial loss of function as a result of the aminoterminal truncation is compensated by overexpression of the protein. There are known instances of proteins whose mitochondrial targeting sequences have been removed but, when expressed from a multicopy plasmid, are able to enter the correct mitochondrial compartment (38) . 3 It is also not uncommon for yeast genes to be expressed from plasmid sequences that can act as surrogate promoters (unpublished observations). This explanation is supported by the properties of the mutant transformed with pG34/ST1 that grows at a noticeably slower rate than the transformant harboring pG34/ST7 with the complete COX18 gene. The viability of the disrupted haploid strain indicates that COX18 is not an essential gene. Several lines of evidence indicate that G34 mutants have mutations in COX18. For example, the respiratory-deficient phenotype of both disruption constructs was complemented by o tester strains but not by mutants of group G34. Furthermore, disruption of the COX18 gene produces a cytochrome oxidase deficiency similar to that of the point mutants.
Localization of a Biotinylated COX18 Fusion Protein-To study the localization of Cox18p, COX18 was fused in-frame to a sequence coding for the biotinylation signal of a bacterial transcarboxylase (39) . The fusion gene (COX18-BIO) was expected to express a hybrid protein consisting of native Cox18p with a carboxyl-terminal extension of 78 residues containing covalently attached biotin. Transformation of the W303⌬DCOX18 disruption mutant with the fusion gene in the high copy plasmid YEp351 conferred wild-type growth on the non-fermentable substrate glycerol. Integration of the COX18-BIO construct as a single copy gene into chromosomal DNA also restored respiration in the mutant.
Western blot analysis using peroxidase-conjugated avidin to detect biotinylated proteins revealed an abundant novel protein of approximately 39 kDa in the mitochondria of the transformants. The properties of the biotinylated Cox18p are consistent with a membrane localization of the protein. Following disruption of mitochondria by sonic irradiation, most of biotinylated Cox18p cofractionates with the submitochondrial membranes. Washing the membrane particles with alkaline sodium carbonate or extraction with 1 M KCl and 0.5% deoxycholate also failed to remove the polypeptide from the membrane fraction (Fig. 5) .
The Cox18p Gene Product-The polypeptide encoded by COX18 consists of 316 amino acids with an amino-terminal region displaying characteristic features of a mitochondrial targeting sequence; its first 42 residues include 10 hydroxylated amino acids and 8 basic residues (Fig. 6 ). The algorithm of Claros and Vincens (40) predicts a 0.96 probability of mitochondrial targeting for this sequence and a putative signal sequence length of 43 amino acids. The calculated molecular weight of the primary translation product is 35,675 with a pI of 11.3. Four potential transmembrane segments to anchor the polypeptide to the membrane bilayer are predicted by the PHDhtm program (41) . These hydrophobic sequences could account for the tight interaction of the protein with the mitochondrial membrane. The only other protein with high sequence similarity (47% identity) to Cox18p found in the current protein data bases is the product of the homologous Kluyveromyces lactis gene KlCOX18 (Fig. 6 ) described by Hikkel et al. (42) . This gene is capable of complementing yeast cox18 mutants, confirming the functional equivalence of the K. lactis and S. cerevisiae proteins (42) .
We were unable to detect the mRNA of COX18 using labeled probes and total yeast RNA. This could be explained in part by the low codon bias (Ϫ0.033) and codon adaptation index (0.070) of the coding region as suggested by others (43) . The COX18 mRNA was detected by using reverse transcriptase-polymerase chain reaction (results not shown). Its abundance did not change when cells were grown on 8% glucose (catabolite-repressed conditions) or 3% glycerol (derepressed). This result agrees with the data obtained by DeRisi et al. (44) on the expression of yeast genes analyzed by a DNA microchip array.
In conclusion, our results show that COX18 codes for an integral mitochondrial membrane protein that is essential for expression of cytochrome oxidase. Low steady-state concentrations of subunit 2 have been reported in other studies to be characteristic of mutants impaired in assembly of cytochrome oxidase (35, 45) . Our results also rule out interaction of Cox18p with the 5Ј-untranslated leader of the mRNA-like Pet111p. Cox18p, therefore, must function at a step following transcription/translation of the COX2 mRNA. The trace amounts of subunit 2 detected in cox18 mutants migrate as the mature subunit, suggesting that Cox18p acts subsequent to export and proteolytic processing of the precursor (8, 35) . These observations indicate that Cox18p is another member of a group of mitochondrial proteins that play important roles at late stages of the assembly pathway of cytochrome oxidase, perhaps by helping in proper folding/assembly of the subunits. The almost complete absence of subunit 2 in cox18 mutants is therefore most probably a consequence of an increased turnover of the protein by mitochondrial quality control proteases that are known to target unassembled subunits in such mutants (46, 47) .
